Many mothers are adaptive, deploying successful coping strategies that mitigate the deleterious effects of parenting stress on caregiving, nevertheless, the neural mechanisms underlying these adaptive responses remain unclear. We utilized functional magnetic resonance imaging to investigate brain activity in 28 healthy mothers of typically developing, 2-to-3-year-old children in response to the feeding behavior of their own children versus that of other children. We then examined the correlation between maternal brain activation and subjective feelings of parenting stress. Brain regions associated with maternal motivation including the orbitofrontal cortex (oFC), ventral pallidum, periaqueductal gray (pAG), dorsal raphe nucleus (DRN), and anterior insular cortex (AIC)-as well as those associated with the recognition of one's own child's state (e.g., cerebellum)-exhibited significant activation in response to their own children. While mothers with higher activation in the oFC showed less parenting stress related to one's sense of competence in the parental role, mothers with higher co-activation of the oFC with both of the AIC and pAG/DRN, and with the cerebellum showed less parenting stress caused by child characteristics. Our findings suggest that well-balanced maternal brain mechanisms integrated by the OFC may provide effective adaptive responses in daily parenting scenarios.
. Many mothers are adaptive, deploying successful coping strategies that mitigate the deleterious effects of parenting stress on caregiving 5 . That is, mothers typically find themselves highly motivated to take care of their infants' needs, and they also find their interactions with their infants during daily parenting to be rewarding, even with stress. Nevertheless, neural mechanisms underlying these adaptive responses in healthy mothers remain unclear. In the present study, we focused on feeding behavior in young children in order to evoke adaptive brain responses associated with daily parenting. Feeding is an essential behavior that supports lifelong healthy eating habits and presents an opportunity for interaction between the mother and child. While mealtime often provides a moment to enjoy food with a child, feeding problems such as selective eating habits, negative affect and negativistic behavior during eating, exceedingly slow eating, and angry outbursts during mealtimes are common concerns during childhood 6 . Indeed, the prevalence of problematic eating and feeding behavior is 25% in infants and young children 7 . Therefore, especially during early childhood, maternal concerns regarding feeding behavior are associated with the feelings of joy, worry, and stress, even if the child is behaving appropriately.
In our previous study, we demonstrated that a limited number of brain regions are specifically associated with maternal love: the right orbitofrontal cortex (OFC), basal ganglia, anterior insular cortex (AIC), and periaqueductal gray (PAG) 8 . These regions belong to a functional network that mediates feelings of subjective pleasure upon seeing a loved one 9 . Additional studies have revealed that this network facilitates maternal behavior toward one's own child 8, [10] [11] [12] [13] [14] [15] in humans. Accordingly, we hypothesized that these regions also play an important role in maternal brain responses during daily parenting scenarios. The OFC and basal ganglia are involved in the dopamine reward system, while the OFC, insula, and PAG are involved in the interoceptive information processing system. Based on our previous suggestion that the right OFC integrates these two systems, serving to motivate maternal behavior 8, 11 , we further hypothesized that the right OFC plays a key role in supporting effective adaptive brain responses. In addition, several studies have revealed that chronic and acute stress may impair OFC functions, including emotional regulation and responsiveness to reward-related information, indicating that the OFC may be associated with stress resilience 16, 17 . Moreover, the brain regions related to interception such as AIC and PAG play a critical role in stress regulation 18, 19 .
In the present study, we utilized functional magnetic resonance imaging (fMRI) to investigate brain activity in healthy mothers of typically developing, 2-to-3-year-old children in response to the feeding behavior of their own children versus that of other children. We then examined the correlation between maternal brain activation and subjective feelings of daily parenting stress. We also investigated whether individual differences in co-activations (scores of the principal component among some brain regions) of the right OFC with the brain regions related to interoception and with those related to parenting stress are correlated with the experience of parenting stress.
Results
subjective ratings of emotions. We compared subjective ratings of the mother's emotional responses when viewing her own child's feeding behavior versus that of other children. Rating scores were significantly higher for feelings of love (z = 4.641, p = 0.000), motherly feelings (z = −4.635, p = 0.000), happiness (z = 4.571, p = 0.000), cuteness (z = 4.483, p = 0.000), joy (4.551, p = 0.000), calmness (z = 4.640, p = 0.000), satisfaction (z = 4.641, p = 0.000), excitement (z = 4.233, p = 0.000), stress (z = 3.224, p = 0.001), and worry (z = 3.281, p = 0.001) when the mothers viewed clips of their own children. However, no significant differences in feelings of irritation (z = 0.973, p = 0.141) or anxiety (z = 1.474, p = 0.141) were observed (Table 1) .
Among the 12 descriptors of the mother's feelings toward their own children's feeding behavior, scores for love, motherly feelings, happiness, joy, calmness, and satisfaction were significantly higher than those for excitement, stress, worry, irritation, and anxiety.
Brain activation in response to the feeding behavior of one's own child. Significant activation was observed in the following regions when mothers viewed their own children's feeding behavior, relative to that observed when they viewed the feeding behavior of other children: OFC, AIC, PAG/dorsal raphe nucleus (DRN), ventral pallidum (VP), ventrolateral prefrontal cortex (VLPFC), parahippocampal gyrus, intraparietal sulcus, ventral premotor area, superior temporal sulcus (STS), temporo-parietal junction (TPJ)/posterior STS (pSTS), and anterior cerebellum (aCB) in the right hemisphere; TPJ, temporal pole, and middle temporal gyrus (MTG) in the left hemisphere; and fusiform gyrus, posterior cerebellum (pCB), and cerebellar vermis in both hemispheres. No significant activation was observed when mothers viewed other children's feeding behavior (Table 2) . (Fig. 1A) . In contrast, activation in the aCB was negatively correlated with scores on the child domain (adjusted R 2 = 0.272; t = −3.330, p = 0.003; S-W statistic = 0.980, p = 0.847; D-W statistic = 1.907) (Fig. 1B) .
In addition, we extracted the first principal component among the OFC, insula and PAG (68.196% of the total variance) of which principal component loadings were 0.927, 0.782 and 0.758, and score coefficients were 0.453, 0.370 and 0.382, respectively. We confirmed the sampling adequacy (KMO measure = 0.536). Moreover, the principal component scores were negatively correlated with scores on the child domain (adjusted R 2 = 0.147; t = −2.376, p = 0.025; S-W statistic = 0.952, p = 0.220; D-W statistic = 2.345) (Fig. 2 ). In addition, we extracted the first principal component between the OFC and aCB (75.608% of the total variance), and their principal component loadings and the score coefficients were 0.870 and 0.575, respectively. We confirmed the sampling adequacy (KMO measure = 0.520). Moreover, the principal component scores were negatively correlated with scores on the child domain (adjusted R 2 = 0.279; t = −3.387, p = 0.002; S-W statistic = 0.978, p = 0.807; D-W statistic = 2.517).
Mean scores of the total PSI was 177.78 ± 24.66, parent domain was 94.39 ± 13.88 and child domain was 83.29 ± 14.16.
Discussion
In the present study, we investigated brain activation in healthy mothers in response to the feeding behavior of their own children, versus that of other children. Our results indicated that the intensity of positive feelings was significantly higher when mothers viewed video clips of their own children eating than when they viewed clips of other children eating. In addition, the intensity of negative feelings (worry and stress) was significantly higher when viewing mother's own child than other children. These results suggest that feelings of worry and stress underlie parenting stress, even when the mother reports clear positive feelings regarding her own child. Accordingly, automatic regulation of negative feelings is important for facilitating and maintaining maternal motivation in daily parenting scenarios. In this study, specific positive feelings were elicited when the mother viewed her own child's eating behavior, suggesting that the mothers demonstrated effective adaptive brain responses required for daily parenting, including maternal warmth and potential stress, during the fMRI examination.
In accordance with our previous findings 8 , mothers in the present study exhibited significant activation in brain regions associated with maternal love in response to viewing their own children's feeding behavior: the right OFC, VP, PAG/DRN, and AIC. These regions may play an important role in creating maternal motivation for caretaking in daily life 8, 20 . The OFC plays an important role in the reward system and is associated with higher-order dimensions of maternal love 8, [11] [12] [13] 15, 20 . In addition, the OFC receives ascending dopamine projections from the VTA and is critical in representing the value of a stimulus reward 21, 22 . Indeed, previous studies have demonstrated the importance of dopamine signaling in maternal brains using dopamine transporter-knockout mice, which exhibited impaired maternal behavior 23, 24 . Interestingly, right OFC activation was negatively correlated with total PSI scores and scores on the parent domain, but not with those on the child domain. Higher scores on the parent domain reflect potential dysfunction regarding the mother's sense of parenting competence and her own functioning in the parental role, suggesting that right OFC activation is associated with the mother's sense of parenting competence. Such activation may in turn be necessary for maintaining maternal motivation and decreasing overall parenting stress. An fMRI study using emotional infant stimuli reported that increased cortisol reactivity was associated with poor maternal functioning, but not necessarily a distressed infant 25 . This finding suggests that the maternal motivation involved in OFC activation is affected by stress in the parent domain, but not by stress in the child domain. Thus, the OFC may mediate reward processing for not only the mother's own infant but also the mother's own functioning within the family.
The co-activation among the right OFC, AIC and PAG/DRN were significantly negatively correlated with parenting stressors in the child domain, although independent activation in each of these regions was not significantly correlated with parenting stress. These results indicate that the right OFC may modulate parenting stress in the child domain by cooperating with the brain regions involved in interoception.
Previous human neuroimaging studies have demonstrated that the insular cortex plays an important role in the maternal brain 8, 13, 20, [26] [27] [28] [29] . The posterior insular cortex has been commonly associated with primary interoceptive representation of the physiological condition of the body 30 , whereas the AIC participates in a wide range of functions related to interoceptive, emotional, and empathetic awareness 31, 32 . Recent imaging studies have reported that activation of the AIC-which is interconnected with the OFC 33,34 -occurs during subjective emotional experiences (e.g., maternal love) 8, 20, 28, 35 . Laurent and colleagues 25 also suggest that the activation of the AIC and OFC in response to a potentially stressful parenting context is associated with more effective stress regulation in mothers with greater empathic attunement. Furthermore, a meta-representation of primary interoceptive activity is engendered in the right anterior insula, which seems to provide the basis for the subjective image of the material self as a feeling entity (i.e., emotional awareness) 36 . A previous study has reported that the right insular cortex plays a greater role than the left in supporting reward evaluation and motivational approaches to positive stimuli 37 . An additional study has noted that the perceived warmth of a mother's infant was correlated with activation in her right AIC when viewing her infant 33 . These findings indicate that activation of the right AIC may mediate the mother's understanding of what her child is feeling internally and allow her to realize her own motherhood.
The PAG, which mainly projects from the insula and prefrontal cortex, plays a pivotal role in the integration of the emotional aspects of homeostatic regulation via the autonomic nervous system 38 . The PAG also exhibits direct connections with the OFC 39, 40 which plays an important role in orchestrating maternal behaviors across mammalian species 10, 41, 42 . Additionally, several fMRI studies have suggested that the PAG is specifically involved in human maternal behaviors, such as representing the end goal of a well-regulated maternal response to infant cues 8, 20, 25, 43 . Furthermore, the PAG contains a high density of oxytocin receptors 44 , which are important for the onset and maintenance of perinatal maternal behavior 13, [45] [46] [47] [48] [49] [50] , and also mediate feelings of empathy and stress . Other research groups have observed that oxytocin in the PAG plays a key role in maternal behavior by modulating anxiety-related behaviors in mother rats 53, 54 . These findings indicate that the PAG may also play an important role in facilitating and maintaining empathetic maternal behavior in humans.
The DRN-a serotonin-rich site-exhibits well-established interconnections with the OFC. Serotonin is a neurotransmitter that plays an essential role in the regulation of emotion. In addition, stress is known to alter serotonin receptors in the DRN 55 . Kranz et al. have argued that serotonin represents a fundamental mediator of the emotional, motivational, and cognitive aspects of reward representation 56 . That is, the DRN serves as an important reward-processing station in parallel to the midbrain dopamine center 57 . Kikuchi and colleagues 58 observed that DRN activation was negatively correlated with attachment-related anxiety in healthy adults. These findings suggest that DRN activation may be associated with maternal feelings of attachment towards one's own child.
In accordance with previous findings, several brain regions exhibited common activation when mothers viewed their own children, but did not exhibit activation when they viewed other children: the VLPFC, ventral premotor area, MTG, parahippocampal gyrus, temporal pole, TPJ/pSTS, fusiform gyrus, cerebellum, and cerebellar vermis. These regions are involved in the representation of the child's intentions and mental states, and are critical for mother-child interactions/human parental care [10] [11] [12] [13] [14] . In particular, activation in the anterior cerebellum was negatively correlated with parenting stress in the child domain. Higher scores on the child domain mainly reflect difficulty in the parental role due to the characteristics of the child. Several fMRI studies have reported that cerebellar activation is associated with empathy and mentalization [59] [60] [61] . A meta-analysis by Van Overwalle et al. 60 suggested that the aCB is involved in processing the enduring characteristics of other individuals (e.g., traits or preferences), while the pCB is associated with the momentary intentions, beliefs, and mental states of others. These findings indicate that activation in the aCB of the mother's brain may facilitate inferences regarding her child's characteristics, which may act to decrease stress in the child domain. Furthermore, we observed that parenting stress in the child domain was significantly negatively correlated with co-activation in the right OFC-aCB. These findings suggest that motivation to understand the characteristics of one's own child to reduce parenting stress is mediated by the right OFC.
Taken together, our results suggest that the OFC may play a central role in providing intrinsic maternal motivation and may be critical for adaptation in daily parenting situations. In contrast, dysfunction of the right OFC may impair maternal motivation and the realization of one's own motherhood, which may produce subjective feelings of poor maternal functioning and make it difficult for a mother to understand her child's needs. The findings of the present study suggest that well-balanced maternal brain mechanisms integrated by the OFC may engender resilience to parenting stress and promote subjective maternal experiences (e.g., "I love my child dearly, " "I am alive through my child," "I want my child to grow up happy and healthy"). Such responses likely aid in maintaining maternal motivation and regulating maternal stress adaptation during the "terrible twos. "
Methods and Materials
participants. Twenty-eight healthy, right-handed, first-time mothers (age: 35.14 ± 4.86 years) of young children (age: 31.89 ± 6 .12 months; 13 boys and 15 girls; all healthy firstborns) participated in the present study. Mothers had no history of major physical or mental illness, none were taking any medications at the time of the study, and none were pregnant. All mothers underwent psychological assessment using the General Health Questionnaire 28 62 (GHQ28; total scale: 4.39 ± 3.18, somatic symptoms: 2.00 ± 1.58, anxiety/insomnia symptoms: 2.00 ± 1.22, social dysfunction: 0.32 ± 1.14, severe depression: 0.07 ± 0.26). All participants provided written and oral informed consent to participate in this study for themselves and their children. The present study was approved by the Research Ethics Committee of Tokyo Metropolitan University and the Research Ethics Committee of the National Center of Neurology and Psychiatry, Japan. All methods were performed in accordance with the relevant guidelines and regulations.
procedure. The experimental stimuli were created by recording the feeding behavior of each mother's child on video at Tokyo Metropolitan University approximately 1-2 months before the fMRI session. Light snacks were used to avoid the influence of selective eating behavior during the session. All children sat in the same infant chair in front of a gray wall. Each child ate some snacks and drank a beverage, which were chosen by his/her mother and placed on a table. The video camera was positioned approximately 5.25 feet across the table from the child and next to the mother. Each video recording lasted about 15 min, and four different clips, each with duration of 30 s, were edited from each recording using Adobe Premiere Elements 10 (Adobe Systems Incorporated, San Jose, CA). In each clip, the child's face and upper chest were visible in a circle on a black background. experimental stimuli. During the fMRI session, each mother viewed the video clips of her own child's feeding behavior, as well as those of four other children unknown to her. Each trial consisted of eight task blocks, each lasting 30 s: Four clips of the mother's own child and four clips of four other unknown children were presented in random order. The sex and age of the children were counterbalanced. Before each task block, a white cross was displayed on a black screen for 12 s (rest block). The video stimuli were presented with no sound due to the high variance in auditory information. The mothers were instructed to view the video clips projected from behind the screen through mirrors, with the circle occupying a visual angle of approximately 12.2° × 12.2°.
Acquisition of fMRI data. All images were obtained using a 3 T MRI scanner (Achieva Series Quasar were acquired using the following parameters: 150 slices (thickness: 1.0 mm), TE = 1.99 ms, TR = 23 ms, FOV = 258 mm, FA = 8°, matrix size = 288.
Post-imaging emotional assessments. After the fMRI scan, the mother was asked to view sample video clips and rate her feelings. The sample video clips were selected from among the stimuli that had been presented to her while in the fMRI scanner and consisted of one clip of the mother's own child and four of other children. The mother was asked to rate each of 12 descriptors (happiness, joy, motherly feelings, feelings of love, calmness, satisfaction, cuteness, excitement, irritation, anxiety, worry, and stress) on a five-point scale (1 = completely disagree, 2 = slightly disagree, 3 = slightly agree, 4 = certainly agree, 5 = completely agree). Differences in ratings between the mother's feelings toward her own child and other children (i.e., the average rating across the other four children) were compared using the Wilcoxon signed rank test based on Bonferroni correction with a significance level of p < 0.05. Each mother's ratings of the 12 descriptors for her own child were compared using the Friedman's test and post-hoc tests with a significance level of p < 0.05 via Bonferroni correction.
Measures of parenting stress. To investigate the relationship between brain activation and daily parenting stress, we used the Japanese version of the Parental Stress Index (PSI) 63 , a 78-item self-report questionnaire based on the original version developed by Abidin 63, 64 , the validity and reliability of which have been confirmed. These 78 items were divided into 15 subscales across two major domains: child and parent. Stressors in the child domain include the child's temperamental and behavioral characteristics (e.g., high irritability and difficulty with compliance), while those in the parent domain include aspects of parental functioning and personality components, such as feelings of guilt, depression, and a sense of low competence in the parental role. Higher scores on the parent domain reflect potential dysfunction with respect to one's sense of parenting competence and the respondent's own functioning within the family. Higher scores on the child domain reflect difficulty in the parental role due to child characteristics. Participants rated the items on a five-point scale, ranging from 1 (completely disagree) to 5 (completely agree). Higher total scores indicate higher levels of parenting stress. Score of 90, 105, and 121 on the parent domain reflect percentile scores of 20, 50, and 80, respectively. Score of 74, 86, and 98 on the child domain reflect percentile scores of 20, 50, and 80, respectively 63 . The PSI was measured after rating mother's feelings toward sample video clips.
Analysis of fMRI data. The fMRI data of each participant were analyzed separately using SPM8 (http:// www.fil.ion.ucl.ac.uk/spm/software/spm8/). The images were spatially realigned, co-registered (T1 to EPI), normalized to the Montreal Neurological Institute (MNI) template, and smoothed using a Gaussian filter of 8-mm full-width at half maximum. The data were temporally convolved with the hemodynamic response function (HRF) and high-pass filtered with a cutoff period of 128 s. Each feeding scenario (own infant, other infants) was modeled using a separate regressor for each participant, and the contrasts between brain activity for the mother's own child and other children were examined. Random effects analysis was then performed at a family-wise error (FWEp, peak-level)-corrected level of p = 0.05.
Associations between maternal brain responses and daily parenting stress. Each cluster that exhibited significant activation in response to the mother's own child when compared with other children was regarded as a functional region of interest (ROI). The first eigenvariate of each ROI in each mother was used for regression analyses. Multiple stepwise regression analyses were conducted to examine the association between each of PSI scores (total, parent, and child) as the dependent variable and the first eigenvariate in all the ROIs as the independent variables.
Moreover, we calculated an individual's co-activation among the OFC, insula and PAG, and between the OFC and the other ROI which showed a significant correlation with each PSI, by computing the principal component scores via principal component analyses, based on the second-level analysis. In addition, we checked the sampling adequacy by using the Kaiser-Meyer-Olkin (KMO) test. We then conducted stepwise multiple regression analyses using each principal component score as the dependent variable and PSI scores on parent and child domains as independent variables.
The level of significance for all regression analyses was corrected using the Holm method (p < 0.05). We then assessed the residuals for all regression analyses by using the S-W test of normality (p < 0.05), and calculated the D-W statistic for the null hypothesis of no autocorrelation. Statistical analyses were performed using SPSS version 20.0 software (SPSS, INC., Chicago, IL).
